The development of highly immunodeficient mouse strains has allowed the reconstitution of functional human immune system components in mice. New-generation humanized mice generated in this manner have been extensively used for modeling viral infections that are exclusively human tropic. Epstein-Barr virus (EBV)-infected humanized mice reproduce cardinal features of EBV-associated B-cell lymphoproliferative disease and EBV-associated hemophagocytic lymphohistiocytosis (HLH). Erosive arthritis morphologically resembling rheumatoid arthritis (RA) has also been recapitulated in these mice. Low-dose EBV infection of humanized mice results in asymptomatic, persistent infection. Innate immune responses involving natural killer cells, EBV-specific adaptive T-cell responses restricted by human major histocompatibility and EBV-specific antibody responses are also elicited in humanized mice. EBV-associated T-/natural killer cell lymphoproliferative disease, by contrast, can be reproduced in a distinct mouse xenograft model. In this review, recent findings on the recapitulation of human EBV infection and pathogenesis in these mouse models, as well as their application to preclinical studies of experimental anti-EBV therapies, are described. 
ANIMAL MODELS OF EPSTEIN-BARR VIRUS INFECTION
Humans are the only natural host of Epstein-Barr virus (EBV). The cotton-top tamarin (Saguinus oedipus), a new-world monkey, can be experimentally infected with EBV via parenteral routes and develops B-cell lymphomas. 1 Cotton-top tamarins were therefore used in a preclinical study to demonstrate the efficacy of an experimental EBV subunit vaccine consisting of the major envelope glycoprotein gp350. 2 However, these animals are an endangered species and are not readily available for experimental use. Other new-world monkeys, such as the common marmoset (Callithrix jacchus) and the owl monkey (Aotus trivirtatus), can also be infected experimentally with EBV, but they have not been characterized in detail as animal models. 3, 4 Recent experiments have shown that rabbits can be infected with EBV. Rabbits of the Japanese White and the New Zealand White strains were found to develop persistent EBV infection, with viral DNA detected in the peripheral blood lymphocytes and with the production of anti-EBV antibodies. 5, 6 Notably, rabbits could be infected orally, recapitulating the normal route of human EBV infection. 6, 7 However, EBV-infected rabbits do not appear to reproduce the distinct human diseases caused by the virus. [5] [6] [7] EBV belongs to the genus lymphocryptovirus (LCV) of the γ-herpesvirus subfamily. EBV is thought to have evolved with its host species, and each non-human primate species carries its own characteristic LCV with genetic homology and biologic similarities with EBV. The rhesus LCV has been most extensively studied as a surrogate model of human EBV infection. 8, 9 The rhesus LCV genome encodes an identical repertoire of genes to those in EBV, with high degrees of homology in the lytic-cycle genes (49-98% amino-acid identity) and moderate homology in the latent-cycle genes (28-60%). 9 Rhesus monkeys can be infected orally with rhesus LCV and occasionally present mononucleosis-like symptoms, including atypical lymphocytosis and splenomegaly. 9 Similar to EBV, rhesus LCV induces opportunistic B-cell lymphomas in immunocompromised hosts. 9 Immunization of rhesus monkeys with the rhesus LCV homolog of EBV gp350 was found to result in partial protection of the animals from infection. 10 These findings indicate that rhesus LCV is an outstanding surrogate model, reproducing various aspects of human EBV infection. Murine gammaherpesvirus 68 11 shares a number of properties with EBV, including the ability to induce a mononucleosis-like syndrome and to establish persistent infection in memory B cells. 12 However, some key features of human EBV infection, including B-cell transformation, are not reproduced by murine gammaherpesvirus 68. Murine gammaherpesvirus 68 belongs to the genus rhadinovirus of the γ-herpesvirus subfamily, and its genetic homology with EBV is restricted to the lytic-cycle genes and does not extended to the latent-cycle genes. 12 In this sense, murine gammaherpesvirus 68 may be a better model for Kaposi's sarcoma-associated herpesvirus infection than for EBV infection. Overall, these surrogate models of EBV infection described above are inadequate from the following standpoints: first, no reliable small animal models, required especially for preclinical studies of novel therapies and vaccines, are available. Second, the specific interactions that occur between EBV and human cells are not reproduced in these models.
A breakthrough in the generation of a small animal model of EBV infection was brought about by the development of the scid-hu PBL mouse, which is based on the C.B-17 scid mouse. 13 C.B-17 scid mice lack both B and T cells because of a mutation in the gene coding for a subunit of DNA-dependent protein kinase, an essential enzyme for the molecular reconstitution of the B-and T-cell antigen receptor genes. 14 Intraperitoneal injection of peripheral blood mononuclear cells (PBMCs) isolated from healthy EBV carriers into C.B-17 scid mice was found to result in the development of EBV-positive B-cell lymphoproliferative disease (LPD). Analyses of the histology, marker expression and EBV gene expression revealed that this LPD is similar to the representative type of EBV-associated LPD in immunocompromised hosts. A number of interesting observations regarding the biology of EBV-induced lymphoproliferation and experimental therapies for EBV-associated B-cell LPD were obtained from experiments with scid-hu PBL mice (reviewed by Johannessen and Crawford 4 and Fujiwara et al. 15 ).
NEW-GENERATION HUMANIZED MICE
Although scid-hu PBL mice have been a valuable tool for studying EBV-induced lymphoproliferation in a small animal model, they have certain limitations, including the transient nature of engraftment, low engraftment levels and frequent graft-versus-host disease caused by human T cells attacking mouse tissues. More importantly, they lacked human immune responses to EBV. These shortcomings were largely overcome when the new generation of humanized mice was produced based on novel immunodeficient mouse strains. Transplantation of human hematopoietic stem cells (HSCs) into mice of strains such as NOD/Shi-scid Il2rg null (NOG), 16 BALB/c Rag2 − / − Il2rg − / −17 and NOD/LtSz-scid Il2rg − / − (NSG) 18 was found to result in the reconstitution of functional human immune system components, including B cells, T cells, natural killer (NK) cells, dendritic cells and macrophages. Mice with human immune system components prepared in this manner are called new-generation humanized mice and have been used extensively for studying the development and function of human immune system components in vivo. 19 In addition, these mice have been used for modeling infections with various pathogens that are exclusively human tropic, including EBV, human immunodeficiency virus type 1, dengue virus and Salmonella typhi. 20, 21 Traggiai et al. 17 were the first to show that humanized BALB/c Rag2 − / − Il2rg − / − mice can be infected with EBV and suggested that these mice may be able to mount T-cell responses specific to the virus. 17 Melkus et al. 22 transplanted NOD/scid mice with human fetal thymic and liver grafts, as well as with CD34 + stem cells isolated from the same liver graft, to prepare BLT (bone marrow-liverthymus)-NOD mice. BLT-NOD mice were found to mount EBV-specific T-cell responses restricted by human major histocompatibility complex (MHC). 22 Following these pioneering studies, several groups have used various strains of newgeneration humanized mice to recapitulate the key features of human EBV infection, including pathogenesis, latent infection and immune responses (Figure 1 ).
EBV PATHOGENESIS IN HUMANIZED MICE B-cell LPD
In humanized mice, EBV induces a B-cell LPD remarkably similar to the EBV-associated LPD in immunocompromised patients. The majority of humanized NOG mice inoculated with 410 2 50% transforming dose of EBV were shown to develop B-cell LPD. 23 Macroscopically, all mice were found to develop splenomegaly, and a fraction of them had tumors in the spleen, liver, kidney and/or adrenal glands. Histologically, EBV-infected B lymphoblastoid cells expressing EBV-encoded small RNA, EBV nuclear antigen 2 (EBNA2) and latency membrane protein 1 (LMP1) were recognized in these tumors, showing latency III-type EBV gene expression. These EBVinfected cells expressed the B-cell markers CD19 and CD20, the B-cell activation marker CD23 and the germinal center marker Mum-1. Histology of this LPD was consistent with diffuse large B-cell lymphoma. B-cell LPD induced in the humanized NOG mice was thus remarkably similar to the representative diffuse large B-cell lymphoma type that occurs in posttransplant LPD and AIDS-associated lymphomas. 23 Similar B-cell LPD has also been reported following EBV infection of humanized NSG mice and BLT NSG mice. [24] [25] [26] [27] In addition to this diffuse large B-cell lymphoma-type LPD, a subset of EBV-infected humanized NOG mice were found to develop LPD containing Hodgkin-like cells with marked nucleoli and Reed-Sternberglike cells with multiple nuclei, suggesting that modeling of EBV-positive Hodgkin lymphoma might be possible in humanized mice. 23 Notably, one of the earliest versions of newgeneration humanized mice prepared from NOD/scid mice displayed latency II type of EBV gene expression (EBNA1 + , LMP1 + , LMP2 + , EBNA2 − , Qp + ), which is characteristic of EBV-positive Hodgkin lymphoma. 28 EBV mutants with specific genes knocked out by homologous recombination have been examined in humanized mice, yielding interesting results. EBNA3B is one of the six EBNAs expressed in lymphoblastoid cells transformed by the virus, but EBNA3B-knockout EBV transforms B cells in vitro as efficiently as does the wild-type virus. Characterization of EBNA3B mutants in humanized NSG mice gave the unexpected finding that the mutant virus has an enhanced ability to induce LPD. EBNA3B was also shown to upregulate the expression of the T-cell chemoattractant CXCL10 and thereby facilitate T-cell control of EBV-induced lymphoproliferation. 27 These results indicate that EBNA3B is a virus-encoded tumor suppressor gene. In similar studies examining EBV mutants in BLT-NSG mice, the role of BZLF1, an immediate-early EBV gene that works as a trigger of viral reactivation from latency, in lymphomagenesis was investigated. 25, 26 The results clearly showed that BZLF1, through the induction of abortive lytic infection, enhances lymphomagenesis in vivo, although the exact mechanism was not revealed. EBV encodes a cluster of three microRNAs (miRNAs) in the BHRF1 locus. In vitro studies have indicated that these three miRNAs cooperate and thereby have an important role in the transformation of B cells by EBV. 29, 30 However, an in vivo study with humanized NSG mice revealed that a mutant EBV lacking all three BHRF1 miRNAs induced lymphomas as efficiently as the wild-type virus, although the mutant had slower kinetics at establishing systemic infection. 31 In this experiment, only a fraction (30%) of the tumors induced by the control wild-type EBV expressed BHRF1 miRNAs, and this may be the reason why no significant difference in tumorigenesis was observed between the wild-type virus and the mutant virus.
EBV-associated HLH
HLH is a hyperinflammatory condition caused by highly activated but ineffective immune responses. 32 The clinical features of HLH, mostly caused by the overproduction of inflammatory cytokines by highly activated T cells and macrophages, include pancytopenia, coagulation defects and the characteristic pathological finding of hemophagocytosis (phagocytosis of autologous blood cells by highly activated macrophages). EBV-associated HLH (EBV-HLH), occurring most often following primary EBV infection, is characterized by monoclonal or oligoclonal proliferation of EBV-infected T cells or less often NK cells, 33, 34 although a recent paper reported that EBV-associated B-cell proliferation can also be associated with HLH in patients with X-linked LPDs 1 and 2. 35 Sato et al. 36 have described persistent viremia, leukocytosis, interferon-γ cytokinemia, normocytic anemia and thrombocytopenia in humanized NOG mice acutely infected with EBV. These mice were found to exhibit systemic CD8 + T-cell infiltration and prominent hemophagocytosis in the bone marrow. From these findings, the authors proposed that EBV-infected humanized mice may be a useful model for EBV-HLH, although EBV infection of T or NK cells was not observed in these mice. 36 In contrast to the above findings by Sato et al., 36 Yajima et al., 23 as already mentioned, mainly observed B-cell LPD in the same EBV-infected humanized NOG mouse model, and the reason for this discrepancy is not clear. However, there are a number of differences in the protocol of mouse humanization between the two studies, including the age of mice at transplantation of HSCs, the route of transplantation and the sex of the mice. 36 These differences may have resulted in a wide diversity in the strength of T-cell responses to EBV.
Erosive arthritis resembling RA Evidence has accumulated implicating EBV in the pathogenesis of RA, an autoimmune disease characterized by polyarthritis with synovial proliferation and destruction of the bone and cartilage tissues. 37, 38 The evidence associating EBV with RA includes a high anti-EBV antibody titer, a high peripheral blood EBV DNA load and a large number of activated EBVspecific T cells in patients with RA. 38 In addition, EBV-infected synovial cells that express latent-and lytic-cycle viral genes have been found in RA lesions. 39, 40 However, these pieces of evidence are indirect, and a direct indication for the etiologic role of EBV in RA has been lacking. Recent experiments with humanized mice provided the first direct evidence that EBV can cause erosive arthritis similar to RA in an animal model. 41 Fifteen of twenty-three humanized NOG mice infected with EBV were found to develop arthritis with massive synovial proliferation and destruction of bone tissue. Notably, the pannus, a histological structure pathognomonic in RA, was recognized in this arthritis. Osteoclasts found in this pannus structure were shown to be of human origin (Nagasawa et al., unpublished results). Bone marrow edema, another histological finding characteristic of RA, was also demonstrated in these mice. Human T cells of both CD4 + and CD8 + lineages, B cells and macrophages were found infiltrating the arthritis lesions. Few EBV-infected cells were found in the synovia of affected joints, but a number of infected cells were found in the bone marrow adjacent to the affected joints. Although these results clearly show that EBV can induce erosive arthritis resembling RA in humanized mice, the evidence obtained so far is restricted to morphological findings, and further studies addressing the molecular pathogenesis are required. Because EBV has also been implicated in other autoimmune diseases, such as multiple sclerosis, systemic lupus erythematosus and Sjögren syndrome, 42 a thorough examination of EBV-infected humanized mice might reveal signs of these diseases.
ASYMPTOMATIC, PERSISTENT EBV INFECTION IN HUMANIZED MICE
The vast majority of EBV infections in humans result in viral latency maintained by T-cell immunosurveillance by the host; any conditions that compromise the host's T-cell immune function can disrupt the latency and reactivate the infection. Following the infection of humanized NOG mice with lower doses (o10 1 50% transforming dose) of EBV, viral DNA was detected only transiently in the peripheral blood, and the mice survived without any apparent signs of disease. 23 However, EBV was not eradicated from these mice because small numbers of EBV-encoded small RNA-positive B cells were consistently found in their spleens and livers up to 220 days after infection. This apparently asymptomatic persistent infection may be a recapitulation of EBV latency in humans, although further characterization is necessary to confirm that this condition is maintained by the host's immunosurveillance.
In EBV infection of humans, the pattern of viral gene expression differs depending on the differentiation status of the host B cells. On infection of naive B cells, EBV expresses six EBNAs (EBNAs 1, 2, 3A, 3B, 3C and LP) using the Cp promoter, three LMPs (LMPs 1, 2A and 2B), EBV-encoded small RNAs and miRNAs (latency III). In contrast, EBVinfected germinal center B cells express only EBNA1, LMPs, EBV-encoded small RNA s and miRNAs (latency II); here, the Qp promoter (instead of Cp) is used to transcribe the EBNA1 gene. Latency I, observed in EBV-infected memory B cells in their homeostatic proliferative phase, is characterized by the expression of EBNA1 as the only viral protein, with its mRNA transcribed from Qp. The mechanism of this differential regulation of EBV gene expression is not known. Recent experiments with EBV-infected humanized NSG mice showed that the number of EBV-infected B cells in latencies I and II decreased significantly when CD4 + T cells were depleted. 43 This finding suggests that CD4 + T cells are involved in the regulation of latent EBV gene expression in B cells, leading to the generation of the latency I or latency II phenotype.
IMMUNE RESPONSES TO EBV IN HUMANIZED MICE
Adaptive immune responses A great advantage of new-generation humanized mice is their ability to mount human immune responses to infectious agents. In BLT mice, the presence of the human thymic organoid enables the education of T cells in the human thymic environment and allows the development of a highly diverse T-cell repertoire restricted by human MHC. 22, 44 Furthermore, this recapitulation of human T-cell development facilitates T-cell interaction with B cells and thereby efficient antibody production with class-switch recombination. 45, 46 As described above, Melkus et al. 22 have described efficient EBV-specific T-cell responses restricted by human MHC in BLT-NOD mice. EBV-specific antibody responses in BLT mice have not been described.
EBV-specific T-cell responses restricted by human MHC have been induced not only in BLT mice but also in other types of humanized mice. CD8 + T cells isolated from EBV-infected humanized BALB/c Rag2 − / − Il2rg − / − mice proliferated strongly following stimulation with autologous EBV-transformed B cells, suggesting that EBV-specific T-cell responses were induced. 17 EBV-specific T-cell responses restricted by human MHC class I have been clearly demonstrated in humanized NOG mice. 23 Importantly, the CD8 + T-cell responses in these mice were shown to have a protective role. 47 Depletion of CD3 + T cells or CD8 + T cells by intravenous injection of anti-CD3 or anti-CD8 antibodies, respectively, enhanced EBVinduced lymphoproliferation and significantly reduced the lifespan of the mice. 47 Furthermore, CD8 + T cells isolated from EBV-infected humanized NOG mice suppressed the in vitro transformation of autologous B cells by EBV. 47 EBV-specific and human MHC-restricted T-cell responses with protective value have also been described in humanized NSG mice. 24 EBV-specific T cells isolated from these mice exhibited cytolytic activity against autologous EBV-infected B cells, although they tended to recognize subdominant epitopes that are not frequently recognized in human EBV infection. Notably, T cells specific to lytic-cycle EBV proteins are dominant over those specific to latent-cycle proteins during acute infection of humanized NSG mice. This finding seems to reflect the predominant T-cell responses to lytic-cycle EBV proteins described in acute human EBV infection. 48 In humanized mice other than BLT mice, human T cells are positively selected in the murine thymus, probably through the interaction of their T-cell receptors with murine MHC proteins expressed by thymic epithelial cells. 49 This aberrant selection of T cells is probably one of the main causes of the suboptimal development of T cells in these mice. This problem of T-cell education has been alleviated by introducing a human MHC transgene into humanized mice. Shultz and co-workers 24, 50 have prepared humanized NSG mice with a human transgene encoding HLA-A2, and these mice demonstrated efficient EBVspecific T-cell responses restricted by this particular MHC molecule.
The induction of humoral immune responses to EBV in humanized mice appears to be much less effective than the induction of cell-mediated immune responses. A report by Yajima et al. 23 demonstrating IgM antibodies specific for a major component of the EBV capsid, p18 BZLF3 , is to our knowledge the only publication describing the antibody response to EBV in humanized mice.
Innate immune responses
Innate immunity has an essential role in the control of viral infections, and aberrant susceptibility to herpesvirus infection, including EBV, has been reported in patients with selective deficiency of NK cells. 51 Although innate immune responses to EBV have not been extensively studied in humans, Chijioke et al. 52 used humanized mice to reveal the interesting roles of innate immune cells in controlling primary EBV infection. The depletion of NK cells from EBV-infected humanized NSG mice resulted in a higher EBV DNA load in the spleen, exaggerated CD8 + T-cell responses to the virus and an increased risk of EBV-induced lymphoproliferation. 52 These results clearly show an important role for NK cells in controlling primary EBV infection and suggest that decreased NK cell activity is associated with a high risk of developing infectious mononucleosis.
Studies on immunotherapies and vaccines
Because effective anti-EBV immune responses have been described in humanized mice, efforts have been made to use these mice as a platform to study immunotherapies and vaccines to control EBV infection. Vaccination of humanized NSG mice with a fusion protein of EBNA1 and a monoclonal antibody specific to the human endocytic receptor DEC-205, in combination with the Toll-like receptor 3 ligand polyI:C as an adjuvant, was found to prime EBNA1-specific T cells and induce IgM antibodies specific for EBNA1. 53 EBNA1-specific CD4 + T-cell clones with the ability to recognize autologous EBV-transformed lymphoblastoid cells have been isolated from these mice. 54 MOUSE XENOGRAFT MODELS OF EBV-ASSOCIATED T-/NK CELL LPD As described in another article in this issue, EBV infects not only B cells but also T and NK cells, and on rare occasions causes EBV-associated T-/NK cell LPD. Although EBV infection of B cells is readily reproduced in humanized mice, no evidence thus far has been obtained for infection of T or NK cells. Therefore, to reproduce the features of chronic active EBV infection (CAEBV), a representative disease of EBVassociated T-/NK cell LPD, NOG mice were transplanted intravenously with PBMCs obtained from patients with the disease. 55 This xenotransplantation resulted in the engraftment and systemic proliferation of EBV-infected T or NK cells, depending on which cell type was infected in the patient. T-cell receptor repertoire analyses clearly indicated that an identical clone of EBV-infected T cells was proliferating in the patients and the mice that received the PBMCs. High levels of human cytokines/chemokines, including interferon-γ, interleukin-8 and RANTES (regulated on activation normal T cell expressed and secreted), were detected in the sera of these mice, reproducing hypercytokinemia characteristic of CAEBV. CAEBV can be divided into four types, namely the CD4, CD8, γδT and NK types, depending on which cell lineage is infected in the patient, and transplantation of the patients' PBMCs resulted in the engraftment of EBV-infected T or NK cells in all four types of CAEBV. Notably, isolated fractions containing EBV-infected cells, for example, a CD8 + cell fraction isolated from CD8-type patients, did not result in the engraftment of EBV-infected cells. The only exception was the CD4 + fraction obtained from CD4-type patients. When the CD4 + fraction was removed from PBMCs, engraftment was prevented in patients with each of the four types of CAEBV. Finally, if the isolated EBV-infected cell fraction that did not engraft on its own was transplanted together with autologous CD4 + cells, engraftment of the EBV-infected cells was observed. These results strongly suggest that the engraftment of EBV-infected T and NK cells requires the presence of CD4 + cells, regardless of whether the particular fraction is infected. This notion was confirmed by the result that administration of the OKT-4 antibody to deplete CD4 + cells following the transplantation of PBMCs prevented the engraftment of EBV-infected NK cells. 55 It is thus expected that a novel therapy targeting CD4 + T cells or their products may be possible.
As described in a previous section, EBV-HLH is characterized by the proliferation of EBV-infected T (or sometimes NK) cells and is therefore included in the category of EBVassociated T-/NK cell LPD. Similar to the above findings on CAEBV, xenotransplantation of PBMCs from patients with EBV-HLH also resulted in the engraftment of EBV-infected T cells. 55 However, there were clear differences between the CAEBV mouse model and EBV-HLH mouse model. Hypercytokinemia was more pronounced in EBV-HLH mice than in CAEBV mice. EBV-HLH mice died earlier than CAEBV mice and showed hemorrhagic lesions in the thoracic and/or abdominal cavities, probably reflecting the hemorrhagic tendency in HLH. Another unexpected finding in EBV-HLH mice was that their spleens and livers contained EBV-infected B cells, but not T cells, although the peripheral blood contained only the virus-infected T cells. At present, this discrepancy cannot be explained.
Recently, Murata et al. 56 set up a new xenograft model for EBV-associated T-/NK cell LPD by subcutaneously transplanting NOG mice with cells from the EBV-positive NK cell line SNK6, established from a patient with nasal-type extranodal NK/T-cell lymphoma. This model was used to show the effect of heat-shock protein 90 inhibitors and histone deacetylase inhibitors on suppressing the growth of EBV-positive NK cells in vivo. 56, 57 PERSPECTIVE Humanized mice are rapidly being improved. For example, the transfer of human cytokines to humanized mice, either by direct injection of proteins, introduction of transgenes or knock-in recombination, will continue to improve the development and function of the human immune system components in humanized mice. 58 Humanized mice improved in this manner will recapitulate human EBV infection more accurately than the current models. One of the primary targets of EBV is epithelial cells, and the complete lifecycle of EBV requires both B cells and epithelial cells. The introduction of human epithelial components to humanized mice is therefore likely to expand the EBV pathogenesis that is reproducible in them. Inoculation of mice with EBV via the oral route, which is the normal pathway of EBV propagation, might be possible in humanized mice with human epithelial tissue grafts.
Thus far, EBV-associated B-cell LPD is the only malignant disease reproduced in humanized mice. Other EBV-associated malignancies, such as Burkitt lymphoma, Hodgkin lymphoma and nasopharyngeal carcinoma, have not been recapitulated. These malignancies appear to be multifactorial and require the involvement of cofactors such as malaria infection, human immunodeficiency virus type 1 infection and carcinogens. Experiments to examine the interplay between EBV and these cofactors could be carried out in humanized mice.
Humanized mice may also be used to recapitulate genetically predisposed aberrant immune responses to EBV. The transplantation of HSCs that have been directly isolated from patients with primary immunodeficiencies, or indirectly produced (by induced pluripotent stem cells established from patient cells), may generate humanized mice that mirror the immunological defects of patients. In addition, genetic manipulation of HSCs to shut down or upregulate the expression of specific genes may also make it possible to analyze the roles of particular human genes in controlling EBV infection in vivo.
